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PREFACE. 

The  great  importance  of  care  and  study  in  the  design  of 
alternating  current  transformers  is  only  realized  v/hen  one  con- 
siders the  great  amount  of  such  apparatus  in  use  at  the  present 
day. 

Considerable  data  has  "been  collected  along  this  line  "by 
the  large  manufacturers,  "but  this  is  not  at  the  disposal  of  the 
engineering  public . 

It  has  "been  the  object  of  this  study  to  investigate  the 
magnetic  circuit  and  determine  the  "best  style  of  joint  to  "be 
used  in  the  transformer  core,  as  regards  efficiency,  regulation, 
losses,  etc. 

The  opportunities  for  research  in  this  field  are  unlimited 
"but  lack  of  time  and  sufficient  apparatus  prevented  further  in- 
vestigation. 

The  permeameter  method  ?/ould  probably  offer  greater  induce 
ments  to  the  investigator,  but  could  not  be  conveniently  used  in 
this  test. 
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STUDY  OP  TRAIT  SFORLIER  COIISTHUGTIOU. 
PART  •  I . 
IITRODUCTIOI. 

The  alternating  current  transformer  has  opened  up  and 
made  possible  the  development  of  a  "branch  of  electrical  industry, 
which  sever  1  years  ago  seemed  impossible.     The  most  striking 
example  along  the  lines  referred  to  "being  the  generation  of 
electric  power  at  lUagra. 

It  was  in  this  case  ?/here  the  Scott  'Transformer  was 
first  used,  the  transformer  which  made  it  possible  to  change  from 
the  two-phase  to  three-phase  system. 

The  chief  use  of  the  transformer,  however,  is  not  to 
aid  in  the  economical  transmission  of  power  from  a  generating 
station  but,  it  is  used  at  an  advantage  in  distribution  for  light- 
ing and  power  purposes  in  large  cities.     Here  the  power  is  gen- 
erated at  a  central  station,  located  as  nearly  as  possible  at  the 
electrical  centre  of  the  system,  and  it  is  for  the  extension  of 
the  net -work  that  the  transformer  is  used.     Power  is  wanted  at 
either  high  pressure  and  low  current  or  low  pressure  and  high 
current,  and  it  is  only  the  transf or;;]cr  that  makes  possible  the 
fulfillment    of  such  a  reciuirement . 

Losses  take  place  in  all  transformers  ,  and  it  should  be 
the  object  of  every  station  mcnager  to  reduce  the  losses  to  a 
minimum.     The  fact  that  a  plant  may  be  profitable  or  unprofitable 
might  depend  wholly  upon  the  transformers  used  on  the  system. 


The  following  are  some  of  the  requisites  of  a  good 
transformer  and  are  those  to  which  the  station  manager  should  pay 
particular  attention.    First;  regulation.  Second;  iron  losses. 
Third ;  temperature  rise.  Fourth;  insulation.  Fifth;  exciting  cur- 
rent . 

Transformers  which  do  not  meet  heating  requirements  are 
unsafe  to  he  installed,  and  operated  on  a  commercial  lighting 
circuit.     Those  which  do  not  come  within  the  requirements  for 
regulation,  iron  losses  and  exciting  current  not  only  afford  poor 
service  to  the  consumer,  hut  waste  power  and  profits.     The  iron 
core  is  heated  more  or  less  when  the  transformer  is  under  load. 
This  heating  is  produced  by  hysteresis,  eddy  current's,  and  hy 
radiation,  and  conduction  from  the  copper  coils,  the  copper  "being 
heated  hy  the  resistance  which  it  offers  to  the  passage  of  the 
current.     The  subject  of  hysteresis  and  eddy  current  is  more  fully 
treated  under  the  next  heading. 

To  guard  against  the  eddy  currents  the  magnetic  circuit 
in  the  direction  of  the  current  flow  is  made  with  a  considerahle 
resistance.     Thiw  is  accomplished  by  building  up  the  cores  of 
insulated    laminated  strips.    For  a  given  value  of  the  flux  den- 
sity B,  the  electro-motive  forces  producing  eddy  currents  will 
vary  directly  as  the  area  of  the  cross  section.     The  currents  are 
inversely  proportional  to  the  resistance  and  directly  proportional 
to  the  electro-motive  force  of  the  circuits,  in  other  words,  the 
greater  the  thiclrness  of  the  stampings  of  the  core,  the  stronger 
the  eddy  currents. 


As  stated  above  the  copper  loss  varies  directly  as  the 
resistance  and  as  the  square  of  the  current.  The  relation  which 
shall  exist  "between  the  core  losses  and  the  copper  losses  of  any 
transformer  is  a  question  of  design. 

As  a  rule  transformer  cores  are  "built  up  of  straight 
strips,  and  when  assembled  have  four  joints.    In  the  core  type 
transformer  these  joints  are  found  at  each  of  the  four  corners  of 
the  rectangle.     Of  course,  when  the  strips  are  made  in  the  form 
of  a  rectangle,  that  is,  in  one  piece  instead  of  four,  no  joints 
would  exist  and  the  core  would  be  a  continuous  one,  hence  a  con- 
tinuous magnetic  circuit  would  be  obtained. 

The  effects  of  the  joints  are  very  noticeable  in  the 
magnetic  circuit  and  it  is  the  object  of  this  thesis  to  study 
the  effect  of  the  joints  as  regards  the  core  loss,  magnetizing 
current,  reluctance  etc. 


PART  II. 


THEORY    AHD  METHOD. 

Transformer  losses  may  be  divided  into  two  parts:  viz. 

p 

core  loss  or  iron  loss  and  copper  loss  or  I    R  loss  as  it  is  some 
times  called. 

The  core  loss  consists  of  hysteresis  and  eddy  current 
losses.     The  hysteresis  loss  is  that  due  to  cyclic  reversals  of 
magnetism  in  the  iron  core.     Its  value  is  dependent  upon  the 
quality  of  the  iron,  and  in  a  given  transformer  varies  in  magnitude 
with  the  1.6  power  of  the  magnetic  density.     Since  the  density 
varies  directly  with  the  voltage  and  inversely  as  the  frequency, 
an  increase  in  voltage  applied  to  a  given  transformer  causes  an 
increase  in  core  loss,  while  an  increase  in  frequency  results  in  a 
decrease  in  core  loss.     The  hysteresis  loss  also  varies  with  the 
volume  of  iron  and  the  thickness  of  the  laminations.     Hence  we  may 
say  the  hysteresis  loss  in  watts  is    P^  ~         V  f  B 
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"."here  V  is  the  volume  in  cubic  centimeters,  f  is  the  frequency  in 
cycles  per  second,  B  is  the  maximum  flux  density  in  lines  per 
square  centimeter,  and  kjj  is  a  constant  depending  upon  the  magnetic 
qualities  of  the  iron.     This  constant  is  commonly  called  the  co- 
efficient of  hysteresis  and  varies  from  0.001  to  0.006  according 
to  the  quality  of  the  magnetic  material,  a  fair  value  for  trans- 
former sheets  being  0.0021. 

The  eddy  current  loss  or  Foucault  current  loss  as  it  is 
sometimes  called,  is  caused  by  the  continual  surging  back  and  forth 
of  the  magnetic  flux  in  the  iron  mass,  which  sets  up  small  electro- 
motive forces  in  the  mass,  which  in  turn  produce  eddy  currents. 


5. 


These  currents  in  their  passage  thru  the  sheets  follow  the  law  com- 
mon  to  all  electric  circuits  and  produce  heat  proportional  to  the 
square  of  the  current  and  the  resistance  of  the  path.    Hence  we  may 
say  the  eddy  current  lose  in  watts  is: 

P  ■  kg  Yf 2  i2  32 

ion 

where    V      is  the  volume  of  the  core  in  cubic  centimeters,    f  the 
frequency,    l  ,  the  thickness  of  laminations  in  centimeters,  B,is  the 
i     maximum  flux  density  in  linos  per  square  centimeter,  and  ke  is 

a  constant  depending  upon  the  specific  electrical  resistance  of  the 
iron.    For  ordinary  iron  the  value  of  ke  is  ahout  1.6  or  1.65. 

In  commercial  steel  a  given  core  loss  at  sixty  cycles 
may  consist  of  seventy    percent  hysteresis  loss  and  thirty  percent 
eddy  current  loss,  while  at  one  hundred  twenty  five  cycles  the 
same  transformer  may  have  fifty-five  percent  hysteresis  loss  and 
forty-five  percent  eddy  current  loss. 

The  magnitude  of  the  core  loss  depends  also  upon  the 
temperature  of  the  iron.    Both  the  hysteresis  and  eddy  current 
losses  decrease  slightly  as  the  temperature  of  the  iron  increases. 
In  commercial  transformers,  an  increase  in  temperature  of  forty 
degrees  Centigrade  will  cause  a  decrease  in  core  loss  of  five  per- 
cent.    So  an  accurate  statement  of  core  loss  necessitates  that  the 
I     temperature  he  specified. 

The  core  los;   remains  practically  constant  at  all  loads 
and  v/ill  he  the  same  whether  measured  from  the  primary  or  secondary 
side ,  the  excitation  in  either  case  "being  the  same  percent  of  the 
corresponding  full  load  current .     In  the  commercial  use  of  trans- 
formers where  the  primary  voltage  is  increased  from  no  load  to  full 


load  to  maintain  constant  terminal  voltage,  the  increase  in  primary- 
voltage  is  nearly  all  consumed  "by  the  drop  in  the    windings  of  the 
transformer  and  thus  does  not    tend    to  increase  the  core  losses. 

The  "behavior  of  a  transformer  also  depends  much  upon  the 
kind  and  shape  of  the  core,  and  the  condition  of  the  magnetic  cir- 
cuit, as  regards  the  joints  etc. 

So  it  is  the  object  of  this  thesis  to  study  the  effect 
of  the    different  styles  of  joints  on  the  magnetic  circuit  as  re- 
gards leakage  flux,  magnetizing  current,  reluctance,  etc. 

The  style  of  core  chosen  for  the  test  v/as  the  circular 
ring  of  rectangular  cross  section,  built  up  of    armature  stampings. 
Four  tests  were  made:  First:  with  the  solid  core,  Second:  with 
the  core  in  halves,  the  halves  being  butted  and  clamped  together 
forming  the  butt      joint.  Third:  the  burrs  filed  off  the  laminations 
and  the  halves  butted  and  clamped  together  as  in  the  second  case. 
Fourth:  With  the  laminations  lapped,  forming  the  lapped  or  mitre 
joint,  the  area  of  lap  being  equal  to  the  area  of  cross  section  of 
the  core. 

This  was  then  used  as  the  core  of  a  simple  ring  trans- 
former.    The  primary  coil  consisted  of  100  turns  of  lTo.  10. B.   and  S. 
double  cotton  covered  magnet  wire,  and  the  secondary  coil  consist- 
ed of  15  turns  of  the  same  wire.    This  then  gave  as  the  ratio  of 
transformation  10  to  1.5. 

The  method  of  connections  used  in  this  test  was  as  shown 
in  Fig.  2,  Tart   V.    An  alternating  electro-motive  force  at  a  fre- 
quency of  sixty  cycles  obtained  from  a  generator  was  impressed 
across  the  primary  coil,  the  secondary  coil  being  on  open  circuit. 


V. 


Then  maintaining  constant  frequency  the  impressed  volt- 
age was  varied  from  s  value  which  gave  a  low  flux  density  to  a 
value  which  would  give  a  high  flux  density.     At  the  save  time  cor- 
responding readings  of  the  amperes,  watts,  and  volts  induced  in 
the  secondary,  were  taken.     These  results,  the  numbers  of  the  in- 
struments used  and  their  constants  were  recorded. 

The  resistances  of  the  coils  were  measured  by  the  fall 
of  potential  method  as  Shown  by  the  connections  in  Pig.  3  Part  V. 
In  this  method  the  current    I  and  voltage    S    are  observed  and, 
the  resistances  1  calculated. 

Having  all  the  necessary  data  for  the  test  let  us  now 
consider  the  magnetic  circuit.     The  current  taken  by  a  transformer 
called  the  exciting  current  consists  of  tv.ro  components  at  right 
angles  to  each  other;  one  component  known  as  the  magnitizing  cur- 
rent, at  right  angles  to  the  electro-motive  force  and  the  other 
component  known  as  the  power  current  or  hysteresis  component  which 
is  in  phase  with  the  impressed  voltage. 

That  the  magnetising  current  is  at  right  angles  to  the 

electro-motive  force  is  shown  by  the  following:  V/hen  the  current 

has  attained  its  maximum  value,  jff  the  flux  is  also  a  maximum 

and  the  rate  of  change  of  lines  is  zero,  hence  the  electro-motive 

force,  which  is  e  =      jjE   =0.      Also,  when  the  current  and  there - 

p  + 

fore  the  flux  pass  thru  zero,  the  rate  of  change  is  a  maximum  and 
e  is  a  maximum.     These  two  conditions  can  exist  only  when  the  electr<} 
motive  force  lags  ninety  degrees.     In  this  case  0  is  equal  to  ninety 
degrees,  and  e  i  cos  0,  the  power  given  out  by  the  current  to  the 
circuit,  is  zero  thus  showing  that  the  magnetizing  current  carries 
no  power.     Then  representing  the  magnetising  current  by       and  the 
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power  current  or  hysteresis  component  "by  i^  we  have  iQ  or  the  re- 

2  2  4 

sultant    current  equal  to  ( i      -  i  ,,  )2.     Then  from  this  expression 

r 

the  magnetising  current  may  be  determined  when  the  other  two  factors 

are  known;  iQ  being  the  current  indicated  by  the  ammeter,  and  i^ 

equal  to  P  divided  by  E,  where  P  is  the  wattmeter  reading  less  the 

I"'  K  or  copper  lose,  and  E  is  the  voltmeter  reading  of  the  impressed 

volts  on  the  primary  coil. 

d0 

Having    e=    dt    as  given  above ,  when  the  flux  has  a  sim- 
soidal  time  value    $  =  A    Bmax  sin  w  t      where  A,  is  the  cross 
section  area  of  the  core  in  any  chosen  units,  and  Bmax  is  the  max- 
imum instantaneous  value  of  the  flux  density  in  lines  per  unit 
area,  and  w  is  the  electrical  angular  velocity  having  a  value  of 

2-rrf. 

Then        e  =  d  (  A  Bmax  sin    w  t  ) 

d  t 

=    A  Bmax  w  cos  w  t . 
which  has  its  maximum  value  when  cos  w  t  =  unity. 
The  maximum  value  is  therefore 

e  max  =    A  Bmax  w; 
then  the  virtual  or  effective  value  of  the  e.  m.  f.  per  turn  ex- 
pressed in  c.  g.  s.  units  is 

ey  =  _AL  Bmax.  w. 


2 

When  there  are    II  turns  the  effective  value  of  the  elect- 
romotive force  expressed  in  volt,  is 

E  =  A  Bmax.       2  IT  f  II 


x  10 


=  4.44    A  Bmax. f . N 
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Then  knowing  that  A  Biuax  =      max    we  have 

E    =    4.44  f 

So  knowing  E,  3J,  and  f ,  we  can  solve  for  and  obtain  $  for 
any  desired  voltage,  and  having  the  cross  section  of  the  core  in 
square  centimeters,  B,  the  maximum  flux  density  per  square  cen- 
timeter can  he  obtained. 

How  having    1^      the  magnetizing  current  and  II,  the  number 
of  turns,  the  magnetomotive  force  F.  set  up  in  circuit  is 

1?   =     4  TT  II  Iv 

10  r 

and  since  according  to  Ohms'     law  the  flux  set  up  in  the  iron  is 

1 

£  =  "IT 

where  R  is  the  reluctance  of  the  path,  so  knowing  both  jjf  and  P. 
we  can  solve  for  and  obtain  R,  the  reluctance  since 

R  =  j 

^Vhen  the  transformer  core  is  all  in  one  piece,  that  is 
when  the  magnetic  path  is  a  continuous  one  the  reluctance  of  the 
path  is  due  only  to  the  reluctance  of  the  iron,  but  when  the  cir- 
cuit contains  joints  whether  lap  or  butt  joints,  the  reluctance 
of  the  path  includes  the  reluctance  of  the  iron  and  the  reluctance 
of  the  joint. 

If  we  plot  curves  between  B,  the  flux  density    and  R, 
the  reluctance  of  the  path  we  see  that  the  continuous  core  has  the 
least  reluctance.    Hot/  si  ;ce  these  values  of  reluctance  are  the 
reluctances  of  the  path  as  a  whole,  and  knowing  the  value  of  R 
for  the  continuous  core,  by  subtracting  the  values  of  R  for  the 
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continuous  core  from  the  valu.es  of  K  obtained  for  the  other  styles 
of  joints  we  are  able  to  obtain  the  reluctance  of  the  joint  it- 
self.    So  if  v/e  take  any  value  of  flux  density  on  the  curves,  as 
shown  on  Curve  Sheet  Ho. 3,  and  drav;  thru  that  point  a  line  parallel 
to  the  axis  of  abscissas  it  will  cut  "both  curves.     Then  from  these 
points  of  intersection  drop  perpendiculars  to  the  axis  of  abscissas, 
then  the  value  of  reluctance  included  between  these  perpendiculars 
is  the  effective  value  of  reluctance  of  the  joint  for  that  flux  den- 
sity.    The  effective  value  of  the  reluctance  of  the  different  joints 
for  any  other  flux  density  may  "be  found  in  a  similar  way. 

Knowing  now  that  the  joint  in  the  core  increases  the 
reluctance  of  the  path,  their  presence  must  necessarily  increase 
the  magnetising  current,  in  as  much  as  the  flux  has  to  he  forced 
thru  the  joint  the  same  as  in  the  iron.     This  means  then,  that 

■  additional  ampere  turns  are  required.     The  expression  H  I„is 
called  the  ampere  turns  and  is  proportional  to  F,     the  magnet 0- 

■  motive  force,  and  since  we  have  the  ampere  turns 

II  Ip    =     .796      F . 
and  since  we  know  the  length  of  the  path  in  each  case  we  can  read- 
ily determine  the  ampere  turns  per  unit  length. 

So  in  order  to  find  the  additional  number  of  ampere  turns 
required  for  the  different  joints  we  employ  a  method  similar  to 
'^he  o::e  used  in  finding  the  value  of  reluctances  for  the  different 
joints. 

That  is,  curves  are  plotted  between  B,  the  flux  density 
and  ampere-turns  per  centimeter  length,  as  shown  on  Curve  Sheet  Ho. 2. 
At  any  desired  flux  density  a  line  is  drawn  parallel  to  the  axis  of 
ahscissa.     This  line  will  intersect  the  curves,  the  abscissa  of 
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which  represents  the  ampere  turns  per  centimeter  length.     ience  if 
r;e  multiply  the  ampere  turns  per  centimeter  length  "by  the  length 
of  the  path,  we  will  in  each  case  have  the  ampere  turns  required 
for  that  corresponding  density. 

3c  'mowing  that  the  jointed  core  requires  more  ampere 
turns  for  a  corresponding  density  than  a  continuous  core  as  is 
shown  "by  the  curves  the  difference  obtained  gives  the  value  of 
ampere  turns  required  for  the  joint  itself.      The  effective  number 
of  ampere  turns  required  for  the  different  joints  may  "be  found  in 
a  similar  manner.     How  since  we  know  that  for  air  ampere-turns 

K  I    =     .513  B  1. 

r 

where  3  is  the  flux  density  and  1  is  the  length  oi*  the  gap  we  may 
find  the  effective  length  of  the  air  gap  since 

IT  I 

1    =   E_ 

.213  B 

The  value  of  1  will  he  in  inches,  and  the  value  of  flux  density 
must  he  expressed  in  lines  per  square  inch. 

The  percent  of  flux  leakage  is  determined  in  the  fol- 
lowing manner.     kt  the  time  the  impressed  voltages  were  read  on 
the  primary  corresponding  voltages  were  read  across  the  secondary 
ceil.     Then  knowing  that  the  ratio  of  transformation  is  10  to  1.5 
or  that  the  primary  voltage  is  6.66  times  the  secondary  voltage, 
the  primary  voltage  E  divided  by  6.66  gives  the  theoretical  sec- 
ondary voltage.       .ience  the  actual  voltage  as  read  divided  by  the 
theoretical  voltage  is  equal  to  the  percent  obtained  in  the  sec- 
ondary.      Then  100  percent  minus  the-  percent  obtained  is  equal  to 
the  percent  loss. 

.ience  since  for  the  same  values  of  E,  f ,     and  Bt  the 


1Z 


flux  JT is  proportional  to  the  electro-motive  force,  the  percent 
of  leakage  flux  is  proportional  to  the  percent  voltage  lost  in 
the  transformation. 

The  data  as  given  consists  of  two  parts:  namely,  the 
observed  data  and  the  calculated  data.      The  ohserved  data  in- 
cluded the  impressed  voltage  3,  the  effective  values  of  current 
I,  the  pov.er  as  indicated  by  the  wattmeter  V,',  the  induced  voltage 
e,  across  the  secondary  coil.     Since  the  values  of  impressed 
voltage,  were  taken  outside  the  wattmeter  and  the  wattmeter  with 

a  compensating  coil  was  used  for  measuring  the  core  loss,  the  only 

2 

losses  to  he  subtracted  from  the  core  loss  reacings  is  the  I  B 
loss  or  copper  loss  due  to  the  heating  of  the  coil.  The  result 
then  is  the  actual  core  loss. 

The  calculated  data  then  consists  of  the  I    R  loss  or 
copper  lose  in  the  coils,  the  actual  core  loss,  the  hysteresis 
or  energy  component  i-^,     of  the  exciting  current,  the  wattless 
or  magnetizing  component  1^,  of  the  exciting  current,  found  by 
multiplying  i-   by.  the   \J2  ,  also  the  values  of  flux        flux  den- 
sity, B,  magneto -motive  force  F,  in  gilberts,  R,  the  reluctance 
of  the  path,  ampere  turns,  ampere-turns  per  unit  length,  and  flux 
leakage  in  percent.     These  values  are  determined  by  their  respectiv 
formulas  as  given  in  the  previous  pages. 

In  addition  to  this  is  the  observed  and  calculated 
measurements  for  the  core  itself,  and  the  direct  current  measure 
ments  for  determining  the  resistance  of  the  coils. 


Disussion    of  Results. 


The  tables  of  data  show  the  different  values  of  core 
loss,  magnetizing  current,  flux,  flux  density,  magneto-motive 
force,  reluctance  of  the  path,  ampere  turns,  ampere  turns  per 
unit  length,  and  percent  of  flux  leakage,  for  the  solid  core  and 
the  three  different  styles  of  joints.      It  will  he  seen  that  the 
core  losses  fellow  no  definite  rule  as  regards  the  style  of  joint, 
that  is,  the  kind  of  joint  does  net  materially  effect  the  loss 
which  is  likely  to  take  place. 

The  method  used,  however,  while  it  may  "be  one  which' 
does  not  give  the  most  accurate  results,  is  quite  sufficiently 
accurate  for  a  practical  test.     It  is  one  of  the  methods  used 
"by  the  General  Electric  Company  for  determining  the  core  and  cop- 
per losses,  and  "besides  "being  convenient  requires  comparatively 
few  readings.      The  method  for  determining  the  number  of  ampere 
turns  and  the  reluctance  for  the  joint  itself  by  the  use  of  the 
curves  as  previously  explained  is  very  simple  and  answers  suf- 
ficiently well  for  the  purpose  here  intended. 
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Conclusions. 

Prom  the  results  of  this  test  it  is  seen  that  the  solid 
core,  i.e.  the  one  having  the  continuous  magnetic  circuit^is  the 
most  efficient,  and  that  the  butt  or  square  joint  is  next,  and  the 
lap  joint  is  the  least  efficient,  that  is  as  regards  magnetizing 
current,  ampere  turns  per  unit  length,  and  reluctance.     This  holds 
for  the  average  working  density,  however,  at  a  low  density  the 
curves  show  that  the  lap  joint  is  more  efficient  than  the  butt 
joints.     It  would  not  be  justifiable  to  conclude  from  these  tests, 
however,  which  is  the  better  joint  when  worked  at  a  low  flux  dens- 
ity based  upon  such  a  small  number  of  determinations. 

Before  deciding  definitely  upon  the  question,  it  would 
be  necessary  to  perform  at  least  six  such  tests  using  different 
amounts  of  laps,  because  in  putting  the  core  together  the  same 
care  might  not  have  been  exercised  at  all  times  in  making  the 
joint.     Some  laminations  might  have  been  left  with  a  greater  air 
gap  than  others.     Six  different  trials  at  taking  apart  and  putting 
together  between  tests  would  undoubtedly  eliminate  this  error. 
Of  course,  the  magnetic  curcuit  in  the  lap  joint  was     .125  inches 
longer  than  in  the  butt  joints,  but  this  has  been  taken  care  of 
in  the  calculations  and  should  not  make  any  appreciable  error. 

The  conditions  and  nature  of  the  test,  have  been  as 
nearly  as  possible,  set  forth  here  and  any  conclusions  drawn  must 
be  with  these  in  view. 

It  can  be  safely  stated,  however,  that  for  these  cores 
built  up  and  put  together  as  they  were  at  the  time  the  tests  were 
made  the  butt  or  square  joints  are  the  more  efficient  at  the  aver- 
age  working  density  of  the  iron.  
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PART  III. 
DATA    AID    CALCULATION , 


OBSERVED    AO  CALCULATED    DATA  FOR  CORE. 

Ring  Core.  Rectangular  cross  section 

Inside  dian.  =    4.615    in.  =  11.72  cm. 

Outside  diam.  =    9.253    in.  =  23.5  cm. 

Uean  rad.  =    3.65      in.  =  9.275  cm. 

I.lean  magnetic  path  =  23.25      in.  =  59.2  cm. 

Thickness  of  laminations  =    0.0125  in.  =  0.031  cm. 

Total  volume  =  50.43  cu. in.  -  82.5  cu.cm. 

Cross  section  area  =    2.Z2  sq. in.  =  15  sq.cm 

Weight  rl3..  5  Ihs. 
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DATA 

FOE  CALCULATION 

OF  RESISTS 

1TCE  OF  COILS 

• 

large  Coil 

Small  Coil 

Solid 

wore 

Solid 

Core . 

E. 

I. 

R. 

E . 

I. 

R. 

.  5 

8.95 

.0503 

.1 

9.25 

.0108 

.85 

14.93 

.0568 

.13 

12.5 

.0106 

1.12 

19.9 

.0562 

.17 

16.0 

.0106 

1.37 

24.15 

.0567 

,  23 

21.3 

.0108 

1.65 

29.65 

.0556 

.29 

26.8 

.0108 

2.05 

35.63 

.0575 

2  .  dO 

39.86 

.0585 

Lie  cm  

-  .056 

ohms . 

.0107 

OiH-lS  • 

large  Coil 

Small  Coil. 

Butt  J 

oint 

Butt  Joint. 

.7 

10.45 

.067 

.1 

9.55 

.0104 

.9 

15.45 

.066 

1  R 

13.72 

.0109 

1.15 

16.7 

.0689 

.185 

19.12 

.0097 

1.40 

20.9 

.067 

.240 

24.4 

.0098 

1.9 

28.9 

.0657 

.285 

29.15 

.0098 

2.3 

34.6 

.0665 

Lie  an  

-  .067 

ohms . 

Mean  

.0101 

ohms . 

IV 


OBSERVED 

DATA    FOR  SOLID 

CORE. 

Tin 

■d  . 

T 

W 

c  • 

"1 
X 

1  7 
J.  / 

AT 

p 

P  A 

p 

PO 

A  A 

D 

P  PA 

o 

P1^ 

AT 

a 
o 

u  •  ft 

4 

PA 

A  A 

1  0 

7 

p; 
«j 

7*3 

1  t 

±o 

A  P 
ft  •  <c 

0 

^.a 

PI 

1  A 

J    7  A 

7 

PD 

A   ^  A 

p 
o 

fr  c 

i  nn 

J.  •  uu 

P  A 

a  r 

Q 

A  A 

fto 

A    A  A 

1  PA 

%  A 

7  n 

XJL 

RA 
Oft 

1  AP 

An 

7  P 

np 

A  A 

P  P 

15 

62 

2.45 

50 

8.7 

14 

65 

3.15 

58 

9.2 

15 

68 

4.3 

65 

9.5 

16 

72 

6.0 

70 

9.8 

17 

75 

9.0 

80 

10.5 
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CALCULATED 

DATA    FOB  SOLID 

CORE. 

Bo . 

I2  R. 

Loss 
Coil. 

Actual 
core 
loss 

> 

I 

1 

.0145 

1.985 

.117 

.49 

.694 

64 

,000 

p 

M 

.0170 

4.983 

.248 

.492 

.696 

75 

,000 

3 

.0208 

7.98 

.341 

.502 

.711 

86 

,500 

4 

.0236 

9 . 97 

.380 

.528 

.748 

88 

,000 

5 

.030 

12.  97 

.433 

.588 

.833 

103 

,000 

6 

.0367 

15.96 

.470 

.66 

.935 

128 

,000 

7 

.0455 

19.95 

.525 

.732 

1.035 

143 

,000 

8 

.056 

24.94 

.593 

.806 

1.14 

158 

,000 

9 

.071 

29.93 

.050 

.923 

1.30 

173 

,000 

10 

.0857 

34.92 

.700 

1.02 

1.45 

188 

,000 

.150 

39.87 

.737 

1.33 

1.88 

203 

,000 

12 

.180 

44.82 

.760 

1.62 

2.30 

216 

,000 

13 

.336 

49.66 

.800 

2.52 

3.28 

233 

,000 

14 

.555 

57.45 

.883 

3.02 

4.46 

244 

,000 

15 

1.035 

63.96 

.940 

4.20 

5.95 

256 

,000 

16 

2.02 

67.98 

.945 

5.92 

8.40 

271 

,000 

17 

4.55 

75.45 

1.00 

8.95 

12 .65 

282 

,000 

19, 


CA1CU1ATEI 

)    DATA  FOR 
( Continued) 

SOLID 

CORE. 

ITo. 

B. 

P . 

R, 

Total 

Ampere 
Turns 

/imp  ere 
Turns 
per  cm. 

Flux 
Leakage 
percent 

1 

4260 

87.1 

.00136 

69.4 

1.08 

2. 

2 

5000 

87.5 

.00117 

69 . 6 

1.09 

5 

3 

5750 

89.2 

.00104 

71.1 

1.20 

5.5 

4 

5860 

94.0 

.00108 

74.8 

1.264 

5. 

5 

6860 

104.5 

.001015 

83.3 

1.407 

6.7 

r 
O 

8520 

117. 

.000915 

93 . 5 

1.58 

7 

7 

9530 

150. 

.00091 

103.5 

1.75 

6.2 

8 

10,550 

143. 

.000905 

114. 

1.93 

8. 

g 

11,550 

163. 

.000940 

130. 

2.20 

6.5 

10 

12,550 

182. 

.000975 

145. 

2.45 

6.7 

11 

13,550 

236. 

.00116 

188. 

3.18 

3^.7 

12 

14,440 

289. 

.001335 

230. 

3.89 

5.7 

13 

15 , 500 

412. 

.00176 

2  3  • 

5.54 

6.5 

14 

16 , 250 

560. 

.00229 

446. 

7.53 

5.7 

15 

17,050 

747. 

.00292 

595. 

10.00 

7. 

16 

18,100 

1055. 

.0039 

840. 

14.2 

9.3 

17 

18,800 

1590. 

.00565 

1265. 

21.4 

6.5 

20. 


OBSERVED 

DATA  FOE 

BUTT  J0I1TT. 

Ho. 

E. 

I. 

W. 

\7  • 

1. 

18 

.75 

10 

2.67 

2. 

20 

.83 

12 

5.00 

3. 

22 

.90 

14 

3.60 

4. 

25 

.95 

15 

4.00 

5 . 

28 

1.00 

17 

4.2 

6  • 

31 

1.10 

20 

4.8 

7. 

34 

1.20 

23 

5.2 

8. 

37 

1.30 

26 

5.6 

9. 

40 

1.40 

29 

6.0 

10. 

44 

1.57 

33 

6 . 6 

11. 

48 

1.80 

40 

7.19 

12. 

52 

2.08 

48 

7.8 

13. 

56 

2.3 

54 

8.2 

14. 

59 

2.5 

56 

8.4 

15. 

63 

3.21 

60 

9.1 

16. 

67 

4.2 

65 

9.6 

17. 

72 

6.2 

70 

10.4 

18. 

76.5 

8.2 

80 

10.8 

^1 


CALCULATED  DAT! 

FOR 

BUTT  J0IHT 

• 

Bo. 

I2  B. 

Loss 

Coil 

— lO  w  Ltd.  J. 

Bore 

woo 

\ 

i 

P 

\ 

I 

1. 

.037 

55 

.51 

.  722 

67  ,700 

2. 

.046 

J-  JL  .  «/ 

.578 

.820 

75,400 

3. 

.0542 

"13  9  5 

•  \J  eJ 

.643 

.910 

82,700 

4. 

.0605 

1  4  94 

596 

.740 

1.045 

94,200 

5. 

.0670 

.798 

1.13 

105,200 

u  . 

.081 

19 . 92 

.  642 

.892 

1.26 

116,500 

1  . 

.0965 

22 . 90 

.  675 

.993 

1.40 

128,000 

8. 

.113 

69  8 

1.095 

1.56 

139 ,000 

9. 

.151 

?8  87 

7P0 

1.20 

1.70 

150,500 

10. 

.165 

32 .  pA 

.  745 

1.38 

1.95 

165,500 

11. 

.217 

3C)  78 

8?7 

1.60 

2.26 

180,500 

12. 

.290 

47.71 

.915 

1.87 

2.65 

195,500 

13. 

.354 

53.65 

.956 

2.09 

2.96 

210  ,500 

14. 

.418 

55.58 

.945 

2.32 

3.28 

222,000 

15. 

.690 

59.31 

.942 

3.07 

4.35 

237 ,000 

16. 

1.18 

63.82 

.952 

4.07 

5.77 

252,000 

i  17* 

2.57 

67.42 

.936 

6.13 

8.68 

271,000 

CALCULATED 


DATA  IP  OR  BUTT  J0I1TT. 
( Continued) 


No. 

B 

P. 

R. 

Total 
Ampere 
Turns 

Ampere 
Turns 
per  cm. 

Flux 
Leakage 
per  ce 

1. 

4 

510 

90.6 

.00134 

72.2 

1.23 

2 

2. 

5 . 

020 

103. 

.00137 

82. 

1.395 

0. 

5 

,510 

114. 

.00138 

91. 

1.50 

-  12. 

A 

. 

6 

,320 

131. 

.00139 

104.5 

1.78 

-  6. 

5 . 

n 
l 

,000 

142. 

.00135 

113. 

1.925 

0. 

6 . 

7 

,700 

158. 

.00136 

126. 

2.14 

-  3. 

7. 

8 

,530 

176. 

.001375 

140. 

2.38 

1.5 

8. 

9 

,260 

196. 

.00141 

156 . 

2.66 

1. 

Q 

10 

,020 

213. 

.00145 

170. 

2.89 

0. 

10 . 

1 1 

—  -L. 

030 

.   KS  Kj  \J 

245 . 

. 001^8 

195. 

3.15 

0 . 

11. 

12 

,030 

284. 

.00157 

226. 

3.85 

5. 

12. 

13 

,020 

333. 

.00170 

265. 

4.51 

0. 

13. 

14 

,000 

372. 

.00177 

296. 

5.04 

2.5 

14. 

14 

,650 

412. 

.00185 

328. 

5.58 

6.2 

15 . 

15 

,800 

546. 

.00231 

435. 

7 . 40 

16. 

16 

,800 

725. 

.00288 

577. 

9.84 

4.5 

17. 

18 

,000 

1090. 

.00402 

868. 

14.78 

23. 


OBSERVED 

DATA  POP.  BUTT  JOINT; 

BURRS 

FILED. 

Tin 

T 

x  • 

V/ 

If  • 

t2  • 

1. 

16. 

.75 

5 

2.25 

2. 

19. 

.80 

7 

2.95 

3. 

22. 

.90 

9 

3.25 

4. 

25. 

1. 

10 

3.65 

5. 

28. 

1.15 

12 

4.00 

5  • 

31. 

1.25 

14 

4.50 

7. 

34. 

1.35 

17 

4.90 

8. 

37. 

1.48 

20 

5.35 

9. 

40. 

1.60 

23 

5.75 

10. 

43 

1.75 

26 

6.15 

11. 

46 . 

1.85 

30 

6.50 

12. 

40. 

2.07 

35 

6.9 

!  13. 

52. 

2.20 

40 

7.4 

14. 

55. 

2.55 

45 

8.0 

15 . 

58. 

2.78 

50 

8.3 

|  16. 

61. 

3.2 

55 

8.8 

17. 

64. 

3.7 

60 

9.1 

,  18. 

67. 

4.52 

66 

9.6 

19. 

70. 

6.4 

70 

9.9 

24. 


CALCULATED  LATA  FOR  BUTT  JOINT,     BURRS  FILED . 


N© . 

I2  R 

Actual 

i. 

i 

$ 

Loss 

Core 
Loss 

n 

f 

1. 

.038 

4.96 

.350 

.664 

.940 

60 

,200 

2. 

.043 

6.96 

.368 

.711 

1.00 

71 

,500 

.054 

8.95 

.407 

.805 

1.135 

82 

,800 

4. 

.067 

9.93 

.597 

.92 

1.285 

94 

,000 

5 . 

.088 

11.91 

.412 

1.07 

1.51 

105 

,000 

6 . 

.105 

13.90 

.448 

1.165 

1.64 

11G 

,500 

7. 

.122 

16.88 

.496 

1.25 

1.77 

128 

,000 

8. 

.147 

19.85 

.555 

1.38 

1.95 

139 

,000 

q 

.171 

22.83 

.570 

1 . 49 

2.11 

150 

,500 

10. 

.21 

25.80 

.600 

1.64 

2.32 

161 

,500 

11. 

.230 

29.77 

.646 

1.73 

2.44 

173 

,000 

Zd-  71 

708 

J.  .  J  ^  o 

?  7ri 

1  9,4- 

000 

13. 

.524 

39.68 

.761 

2.065 

2.94 

195 

,000 

14. 

.435 

44.57 

.81 

2.42 

3.42 

207 

,000 

15. 

.52 

49.48 

.851 

2.64 

3.73 

218 

,000 

16 . 

.68 

54.32 

.890 

3.08 

4.36 

229 

,000 

17. 

.91 

59.09 

.925 

5.58 

5.06 

240 

,000 

18. 

1.36 

64.64 

.965 

4.42 

6.25 

252 

,000 

19. 

2.73 

67.27 

.960 

6.55 

8.95 

263 

,000 

25. 


CALCULATED    DATA  FOR  BUTT  JOi: 

JT ,  BURRS 

FILED. 

In.        t  .            -i  \ 

( Continued) 

no . 

T"> 

B. 

F. 

R. 

Ampere 

Ampere 

Flui: 

Turns 

Turns 

Leakage 

vier  cm. 

"oer  cent . 

1. 

4,010 

118. 

.00196 

94. 

1.6 

6.3 

2. 

4,760 

125.5 

.00176 

100. 

1.7 

3.5 

3. 

5,52" 

142. 

.00171 

113.  5 

1.93 

2.0 

4. 

6,260 

161. 

.00171 

128.5 

2.19 

3.0 

5 . 

7,000 

190. 

.00181 

151. 

2.57 

4.9 

6  • 

7,740 

206. 

.00177 

164. 

2.80 

3.5 

n 
1  • 

8,530 

222. 

.00173 

177. 

3.02 

4.0 

8. 

9  ,270 

245. 

.00176 

195. 

3.32 

5.4 

9. 

10,000 

265. 

.00176 

211. 

3.60 

4.3 

10. 

10,750 

291. 

.00180 

232. 

3.95 

4.1 

11. 

11,520 

306. 

.00177 

244. 

4.16 

6.0 

12. 

12,250 

345. 

.00187 

275. 

4.68 

6.4 

13. 

13,000 

369 

.00189 

294. 

5.00 

5.0 

14. 

13,800 

430 

.00208 

342. 

5.83 

3.0 

15. 

14 , 500 

468 

.00215 

373. 

6.35 

5.7 

15. 

15,250 

547 

.00238 

436 

7.25 

4.0 

17. 

16,000 

635 

.00264 

506. 

8.60 

5.2 

18. 

16,800 

785 

.00312 

625.. 

10.65 

4.7 

19. 

17,500 

1125 

.00428 

895 

15.2 

5.7 

26. 


OBSERVED  DATA  FOR  LAP  JO  HIT. 


lo . 
1. 
2. 


b. 

6 . 

7. 

8. 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
10. 
17. 


E. 
17. 
20. 
23. 
26. 
30. 
34. 
38. 
42. 
46. 
50. 
54. 
58. 
62 
65. 
68. 
72. 
75. 


I. 

.58 
.63 
.69 
.78 

.89 
1.0 
1.15 

1.45 
1.85 
2.35 
3.15 
4.03 
5 . 1 
6.00 
7.4 
3.8 
10.4 


W. 

2 

5 

7 
10 
13 
18 
20 
25 
30 
35 
40 
45 
55 
60 
67 
73 
80 


e . 

2.55 
2.9 
3.4 
3.8 
4.5 
5.0 
5.7 
6.15 
6.6 
7.2 
7.7 
8.2 
8.7 
9.2 
9.5 
10.0 
10.5 
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CALCULATED 

LATA  FOR 

LAP 

JOIITT . 

Ho . 

I2  B 
Loss 

Ceil 

Actual 
Core 
Loss 

h. 

V 

I 

1. 

.023 

1.98 

.116 

.  568 

.  805 

64 ,000 

2. 

.027 

4.97 

.  248 

.580 

.821 

75 ,200 

3  • 

.032 

6.97 

.303 

.  62 

.  875 

86 ,600 

4. 

.0408 

9.96 

.383 

.68 

.963  . 

97  ,700 

5. 

.053 

12.94 

.430 

.  78 

1.10 

112  ,800 

6  • 

.067 

17.93 

.526 

.852 

1.20 

128,000 

7. 

.0886 

19  .91 

.  526 

1.02 

1.45 

142 ,800 

8. 

.  141 

24.86 

.  590 

1.32 

1.  875 

158,000 

9 . 

.  229 

29.78 

.  645 

1.  73 

2.46 

173,000 

10. 

.370 

34.  63 

.692 

2.  24 

3.18 

188,000 

11. 

.  665 

39 . 34 

.  728 

3.06 

4.34 

203 ,000 

12. 

1.085 

43.92 

.  756 

3.96 

5.62 

218 ,000 

13. 

1.74 

53.26 

.860 

5.02 

7.13 

233,000 

14. 

2.41 

57.6 

.886 

5.95 

8.45 

214,000 

15. 

3.  67 

63 . 33 

.  930 

7.34 

10.35 

250 ,000 

16. 

5.18 

67.82 

.943 

8.75 

12.  5 

271 ,000 

17. 

7.25 

72.75 

.970 

10.33 

14.6 

282,000 

28. 


CALCULATED 

DATA  FOR 
( Continued) 

LAP     JO  HIT 

iJO  . 

■D 

13 

■p 

-imper  e 
Turns 

iiiuper  e 
Turns 
per  era. 

l1  .LuX 

Leakage 
percent; 

1. 

4,270 

101. 

.00158 

80.5 

1.36 

2. 

2. 

5,010 

103. 

.00137 

82.1 

1.39 

3.4 

3. 

5,700 

110. 

.00127 

87.5 

1.48 

1.5 

4. 

6,510 

121. 

.00124 

96.3 

1.62 

2.5 

5. 

7  , 510 

138. 

.00123 

110. 

1.86 

0 

6 . 

8,530 

151. 

.00118 

120. 

2.03 

2 

7. 

9,530 

182. 

.00129 

145. 

2.45 

0 

8. 

10 ,520 

235. 

.00149 

187.5 

3.17 

2.5 

9. 

11,550 

309. 

.00179 

246. 

4.16 

3.5 

10. 

12,550 

400. 

.00212 

313. 

5.37 

4. 

11. 

13,550 

545. 

.00268 

434 . 

7.33 

5. 

12. 

14 , 550 

705 

.00314 

562. 

9.50 

5.7 

13. 

15,500 

895. 

.00384 

713. 

12.0 

6.5 

14. 

16,500 

1060 

.00435 

845. 

14.25 

5.7 

15. 

17,100 

1300. 

.00508 

1035. 

17.5 

16. 

18,100 

1570. 

.00580 

1250. 

21.1 

7.5 

17. 

18,800 

1830. 

.00644 

1460. 

24.7 

6. 

29. 


U-  OF  I.  S.  S.  FORM  3 


U-  OF  ..  £.  «.  FORM  3 


31. 


U-  OF  I.  6.  S.  FORM  3 


3<2. 


PART  V. 


Pi  e  1. 

DlflGRRM    of  CORE" 

showi  we 
5hrp£  rmd  Dimensions. 
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Fie  2. 

OONNECTIONS    FOR     DfTERMlMIW6     G   O  R.  H  Lo5S 


Fie  3 
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